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Abstract 
The continuous increase in traffic has put into evidence the need of research and investments in more effective solutions. In this 
framework, the design of any transportation infrastructure or service is in general performed assuming to know the present 
mobility demand and to be able to forecast the future one with the best accuracy as possible. 
The main aim of this paper is the definition of a suitable criterion, based on a Global Sensitivity Analysis of an a-priori chosen 
transportation performance index, which helps in resource planning and in decision-making. In the end, the proposed 
methodology is evaluated by means of a real world case study in Italy. 
© 2014 The Authors. Published by Elsevier B. V. 
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1. Introduction 
In the last decades, the continuous increase in vehicular traffic leading to congestion whenever mobility demand 
exceeds the maximum infrastructure capacity and the low resource availability have put into evidence the need of 
research and investments in more effective design approaches. In the past years, two main approaches have been 
followed to face the problem of guaranteeing the best Level of Service (LoS): 
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2. on the other hand, the design and optimization of innovative services by mean of ICT (Information and 
Communication Technologies). Significant examples of such so-called Intelligent Transportation systems (ITS) 
are actuated traffic light plans (Dotoli et al., 2006), route guidance (Herbert & Mili, 2008), and so on. 
In any case, the design of any transportation infrastructure or service assumes to know the present mobility 
demand and to be able to forecast the future one with the best accuracy as possible (Waller et al., 2001). 
Nevertheless, the problem of estimating the traffic demand is generally difficult for real world networks and 
subjected to several sources of uncertainty, as put into evidence by the relevant literature. In fact: 
x traffic demand depends on exogenous and uncertain factors. This is the case, for instance, of freight 
transportation demand, which depends on the economic trend difficult to forecast for the time horizon 
characterizing the life-cycle of a transportation infrastructure (dozens of years); 
x the limited economic and spatial resources require a careful planning of investments aiming at achieving, and 
maintaining, the best performance as possible (Sumalee et al., 2009). 
The above reasons point out the necessity of defining a methodology able to evaluate the networks behavior 
under uncertain conditions. In this framework, Sensitivity Analysis dates back to the Seventies and, since there, 
several solutions have been proposed by researchers. Among them, Tobin and Friesz (1988) have given one of the 
main contributions to the development of theoretical and computational procedures for networks sensitivity analysis. 
Nevertheless, the performances of a transportation network depend on many elements and on their reciprocal 
interactions, in a way frequently difficult to model analytically, especially when large networks are considered. For 
this reason, simulation is typically used in transportation network design. Hence, the definition of a procedure based 
on the simulations of transportation systems, that helps choosing the best intervention (or set of interventions) in the 
network is an interesting problem to face. In order to do that, in this paper the Global Sensitivity Analysis (Saltelli et 
al., 2010; Cannavò, 2012; Wainwright et al., 2014) of the performances of transportation networks will be used for 
comparing different alternatives of transportation supply. In particular, aiming at individuating the 
Origin/Destination (O/D) pairs whose uncertainty contributes the most to the variability of the nominal 
performances, a Total Sensitivity Index (TSI) will be introduced. In doing so, the alternative supply models will be 
assumed to be known and fixed, whereas the car O/D matrices will be the only uncertain inputs of simulations. 
However, the proposed procedure can be easily extended to consider other sources of uncertainty. 
In particular, the proposed methodology can be applied to: 
1. the identification of the O/D pairs whose mobility demands have to be determined with particular attention, for 
instance by ad-hoc measures and detailed analysis procedures, with respect of those that can be estimated with 
less accuracy. In other words, the first output of the proposed methodology consists of a priority list of the O/D 
pairs to be carefully investigated, thus allowing to invest resources in specific measure campaigns in order to 
optimize the measuring process and cost. The underlying idea is that if the inputs that influence the 
transportation network (that is the O/D demands) are precisely known, the forecasted performances will be 
more accurate and reliable; 
2. the identification of the design alternatives of the transportation supply that are characterized by performances 
insensitive to the input variations, thus allowing to design transportation networks that guarantee more reliable 
performances. 
The paper is organized as follows: after a brief description of GSA (Sec. 2), some evaluation and comparing 
criteria are introduced (Sec. 3). Finally, in Sec. 4, the application of the proposed methodology to a real world case 
study is shown. 
2. Global Sensitivity Analysis 
In this section, the definition of the sensitivity indices for the GSA is described. A valuable discussion about 
advantages of the considered indices can be found in (Punzo & Ciuffo, 2010) where the application of different 
indices are compared by means of traffic flow models. 
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2.1. Indices definition 
Consider a generic performance index ݌ representing, for instance, the travel time, the density in a specific road 
section, and so on. In this framework, the O/D matrix entries represent the inputs of the considered analysis. Then, 
let ݉ሺ݋ǡ ݀ሻ be the uncertain mobility demand between the specific origin ݋ and the specific destination ݀, hereafter 
considered to be a stochastic variable. Moreover, let ߪ̱௠ሺ௢ǡௗሻଶ  be the residual variance of the index ݌, computed by 
varying all the elements of the O/D matrix expect ݉ሺ݋ǡ ݀ሻ , which is kept fix. Such a variance is evidently 
conditioned by the particular value assumed by the variable demand ݉ሺ݋ǡ ݀ሻ , that is, it results to be 
ߪ̱௠ሺ௢ǡௗሻଶ ൫݌ห݉ሺ݋ǡ ݀ሻ൯. 
On the contrary, let ߪଶሺ݌ሻ be the total variance of the performance index ݌, computed allowing all the inputs to 
vary. 
With these definitions, the residual variance ߪ̱௠ሺ௢ǡௗሻଶ ൫݌ห݉ሺ݋ǡ ݀ሻ൯ is expected to be as smaller of ߪଶሺ݌ሻ as bigger 
is the influence of the variable ݉ሺ݋ǡ ݀ሻ  on ݌ . In other words, fixing the variable that most influences the 
performance index ݌, greatly reduces the variance. 
Anyway, since the variance ߪ̱௠ሺ௢ǡௗሻଶ ൫݌ห݉ሺ݋ǡ ݀ሻ൯ depends on the specific value ݉ሺ݋ǡ ݀ሻ, it is better to consider, in 
place of it, the expectation ௠ሺ௢ǡௗሻൣߪ̱௠ሺ௢ǡௗሻଶ ൫݌ห݉ሺ݋ǡ ݀ሻ൯൧ , computed considering the probability distribution of 
݉ሺ݋ǡ ݀ሻ. Again, if the variation of the demand of the pair ሺ݋ǡ ݀ሻ contributes significantly to the variation of the 
performance index, then the expectation ௠ሺ௢ǡௗሻൣߪ̱௠ሺ௢ǡௗሻଶ ൫݌ห݉ሺ݋ǡ ݀ሻ൯൧ results to be small. 
Then, considering the so-called law of total variance (Weiss, 2005) 
ߪଶሺ݌ሻ ൌ ௠ሺ௢ǡௗሻൣߪ̱௠ሺ௢ǡௗሻଶ ൫݌ห݉ሺ݋ǡ ݀ሻ൯൧ ൅ ߪ௠ሺ௢ǡௗሻଶ ൫̱௠ሺ௢ǡௗሻሾ݌ȁ݉ሺ݋ǡ ݀ሻሿ൯    (1) 
it is possible to define the first order Sensitivity Index of the performance index ݌ as the ratio 
୮ሺǡ ሻ ൌ ஢ౣሺ౥ǡౚሻ
మ ൫୉̱ౣሺ౥ǡౚሻሾ୮ȁ୫ሺ୭ǡୢሻሿ൯
஢మሺ୮ሻ ൑ ͳ       (2) 
which is as closer to 1 as higher is the influence of the demand between the pair ሺ݋ǡ ݀ሻ on the performance index ݌. 
In fact, as said, in this case the expectation ௠ሺ௢ǡௗሻൣߪ̱௠ሺ௢ǡௗሻଶ ൫݌ห݉ሺ݋ǡ ݀ሻ൯൧ tends to 0, and the inequality in Eq. (2) 
descends directly from Eq. (1). 
Note that the index in Eq. (2) considers only the first order effects of the variable ݉ሺ݋ǡ ݀ሻ. Nevertheless, in some 
cases, the effects of its variability may be hidden in other parameters ݉ሺ݋ᇱǡ ݀ᇱሻ, ሺ݋ᇱǡ ݀ᇱሻ ് ሺ݋ǡ ݀ሻ, thus resulting into 
second order, or higher, effects. In other words, a low value of the first order sensitivity index in Eq. (2) does not 
necessarily imply that the corresponding demand has scarce effect on the output variance, since it might 
considerably contribute to the total output variance by means of its combination with the other variables. 
To point out these effects, it is possible to consider the Total Sensitivity Index defined as 
୮ሺǡ ሻ ൌ 
୉̱ౣሺ౥ǡౚሻቂ஢ౣሺ౥ǡౚሻమ ൫୮ห̱୫ሺ୭ǡୢሻ൯ቃ
஢మሺ୮ሻ ൌ ͳ െ
஢̱ౣሺ౥ǡౚሻమ ൣ୉ౣሺ౥ǡౚሻ൫୮ห̱୫ሺ୭ǡୢሻ൯൧
஢మሺ୮ሻ    ሺ͵ሻ
which provides the sum of the effects of any order in which the demand ݉ሺ݋ǡ ݀ሻ  is involved. An intuitive 
explanation of the index in Eq. (3) can be obtained by observing that if the ratio ߪ̱௠ሺ௢ǡௗሻଶ ൣ௠ሺ௢ǡௗሻ൫݌ห̱݉ሺ݋ǡ ݀ሻ൯൧Ȁ
ߪଶሺ݌ሻ is the first order effect of the stochastic variable ̱݉ሺ݋ǡ ݀ሻ (i.e., of fixing the demand ݉ሺ݋ǡ ݀ሻ), then the term 
̱୫ሺ୭ǡୢሻൣɐ୫ሺ୭ǡୢሻଶ ൫ห̱ሺǡ ሻ൯൧ ൌ ɐଶሺሻ െ ɐ̱୫ሺ୭ǡୢሻଶ ൣ୫ሺ୭ǡୢሻ൫ห̱ሺǡ ሻ൯൧ 
must give the total contribution of all terms in the variance decomposition hiding the effect of ݉ሺ݋ǡ ݀ሻ. Again, the 
index ܶܵܫ௣ሺ݋ǡ ݀ሻ tends to 1 if the total effect of the variability of ݉ሺ݋ǡ ݀ሻ to the performance index ݌ increases. 
As regards the computation of such indices, they can be numerically estimated by means of ܭ simulations that 
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provide samples ݌ሺ݇ሻ, ݇ ൌ ͳǡǥ ǡ ܭ, for computing the estimate of the terms in Eq. (2) and Eq. (3), based on sample 
mean and on the sample variance. A sample ݌ሺ݇ሻ is determined for each random demand sample. This procedure is 
explained in (Saltelli et al., 2010), where the numerical estimators of the sensitivity indices are described. Moreover, 
for practical purposes, a GSA Matlab Toolbox is available (Cannavò, 2012). No further details are provided in this 
paper, although in Sec. 4, some graphs showing the dependence of the estimates on the number ܭ of samples will be 
reported and discussed. Anyway, it is easy to expect that the goodness of the estimates of the sensitivity indices 
depends on the number of considered samples. 
2.2. Sampling via traffic network simulations 
As aforementioned, the samples of the performance indices ݌ are obtained via traffic simulations. In effect, other 
random parameters not explicitly considered by the above sensitivity index analysis influence the performance 
indices. Significant examples are the realizations of the stochastic variables modeling the user choices, or other 
elements that are more or less realistically assumed to be known, such as the costs of the network arcs perceived by 
users, or the particular time instants at which vehicles enter the network. In this framework, it is useful to remark 
that ݉ሺ݋ǡ ݀ሻ only represents the expectation of the Poissonian process that usually represents vehicles entering the 
network in the origin node ݋, and exiting in destination node ݀.  
To mitigate the effects of such randomness, an estimate ݌Ƹሺ݇ሻ, ݇ ൌ ͳǡǥ ǡ ܭǡ of each GSA sample ݌ሺ݇ሻ , ݇ ൌ
ͳǡǥ ǡ ܭ, is computed by averaging the results of ܴ simulation runs characterized by the same inputs and parameters. 
Then, formally,  
ොሺሻ ൌ ଵୖσ ୰ሺሻ୰ୖୀଵ          ሺͶሻ
being ݌௥ሺ݇ሻ the sample of ݌ሺ݇ሻ  obtained in the ݎ୲୦  simulation. In other words, each sample for the numerical 
algorithms that provide ܵܫ௣ and ܶܵܫ௣ is determined as the mean of ܴ values ݌௥ሺ݇ሻ obtained without changing any 
parameter in the simulations. 
In most practical cases, the number of simulations ܴ is determined with the aim of guaranteeing that the half-
length (݄Ǥ ݈Ǥ) of the confidence interval with 95% confidence level fulfills the inequality 
Ǥ Ǥ ൌ ଴Ǥଶହǡୖିଵ୮ෝ ൑ ͲǤͲͷොǡ         ሺͷሻ
being ݐ଴Ǥଶହǡோିଵ the relevant ݐ-Student parameter, and ܵ௣ො the sample standard deviation of ݌Ƹሺ݇ሻ, computed by means 
of the samples ݌௥ሺ݇ሻ, ݎ ൌ ͳǡǥ ǡ ܴ. 
3. Global robustness indices 
The sensitivity indices introduced in the above section are sufficient for identifying the O/D pairs whose 
uncertainty influences the performance the most with fixed transportation supply configuration. This is the first 
result of the work. As said, this analysis allows to concentrate the resources in order to get the best estimates as 
possible of the most influencing O/D pairs, giving less importance to those pairs that scarcely influence the 
performances.  
Concerning the second application of the index defined in Eq. (2) and Eq. (3), the evaluation of the global 
robustness of different a set of different alternatives of transportation network supply can be performed as explained 
in the following. 
3.1. Identification of robust transportation networks alternatives 
Let ݅ , ݅ ൌ ͳǡʹǡ ǥ ǡ ࣣ , be a generic transportation network supply configuration, and ݊  the number of 
origin/destination zones. Then, consider the sensitivity matrices 
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୮୧ ൌ ቎
୮୧ ሺͳǡͳሻ ڮ ୮୧ ሺͳǡ ሻ
ڭ ڰ ڭ
୮୧ ሺǡ ͳሻ ڮ ୮୧ ሺǡ ሻ
቏ǡ  ൌ ͳǡʹǡ ǥ ǡ ࣣ     ሺ͸ሻ
whose generic entry ܶܵܫ௣௜ ሺ݋ǡ ݀ሻ is the total sensitivity index of the performance index ݌, computed with respect to 
the mobility demand between each pair ሺ݋ǡ ݀ሻ, ݋ ൌ ͳǡʹǡ ǥ ǡ ݊, ݀ ൌ ͳǡʹǡ ǥ ǡ ݊. 
A suitable criterion for finding the most robust configuration ݅כ among the considered ones and with respect to 
the performance index ݌, consists of identifying the one fulfilling the minimum-norm criterion 
כ ൌ ୧ୀଵǡଶǡǥǡࣣฮ୮୧ ฮ୯ǡ ൌ ͳǡʹǡλǡ       ሺ͹ሻ
being ฮܶܵܫ௣௜ ฮ௤  the entry-wise norm of a matrix defined as  
ฮ୮୧ ฮ୯ ൌ ටσ σ ቀ୮୧ ሺǡ ሻቁ
୯୬୭ୀଵ୬୭ୀଵ
౧ ǡ ൌ ͳǡʹǡλǡ ൌ ͳǡʹǡ ǥ ǡ ࣣǡ    ሺͺሻ
In particular, if ݍ ൌ λ, the norm in Eq. (8) coincides with the greatest element of the matrix ܶܵܫ௣௜ ሺ݋ǡ ݀ሻ, that is  
ฮ୮୧ ฮஶ ൌ ୭ୀଵǡǥǡ୬ୢୀଵǡǥǡ୬൛୮
୧ ሺǡ ሻൟǡ ൌ ͳǡʹǡ ǥ ǡ ࣣǡ     
 (9) 
This norm is equal to the sensitivity index of the pair ሺ݋ǡ ݀ሻ that influences the index ݌ the most, but does not take 
into account the overall performance of the network. Nevertheless, a small value of such a norm guarantees that the 
overall effects of demand uncertainties are small. 
If ݍ ൌ ʹ, the norm in Eq. (8) coincides with the Euclidean norm  
ฮ୮୧ ฮଶ ൌ ටσ σ ቀ୮୧ ሺǡ ሻቁ
ଶ୬୭ୀଵ୬୭ୀଵ ǡ ൌ ͳǡʹǡ ǥ ǡ ࣣǤ      ሺͳͲሻ
In this case, due to the squared values, the greatest elements of the sensitivity matrix weight more than the littlest 
ones. Due to this effect, the contributions of the sensitivity matrix entries ܶܵܫ௣௜ ሺ݋ǡ ݀ሻ ൏ ͳ are attenuated, whereas the 
contributions of the entries ܶܵܫ௣௜ ሺ݋ǡ ݀ሻ ൐ ͳ are amplified. 
Finally, if ݍ ൌ ͳ, Eq. (8) turns out to be 
ฮ୮୧ ฮଵ ൌ σ σ ห୮୧ ሺǡ ሻห୬୭ୀଵ୬୭ୀଵ ǡ ൌ ͳǡʹǡ ǥ ǡ ࣣǤ      ሺͳͳሻ
In this case, all the entries of the sensitivity matrix are taken into account with no amplification or attenuation. 
This norm is useful when distortions of the sensitivity matrix entries must be avoided. 
With these definitions, once chosen the norm, it is easy to identify the configuration ݅כ that satisfies Eq. (7).  
To conclude, it is worth remarking the sensitivity matrices do not provide information about the expected mean 
performances. Thus, a transportation supply configuration may be characterized by low, but almost insensitive, 
performances, whereas another configuration might have better performances but higher sensitiveness. This is the 
case of the alternatives described in Sec. 4. Hence, it is worth underlining that the proposed methodology provides 
useful information if and only if it is considered in a more general framework, such as in multi-criteria or Pareto-
dominance analyses, whereas it can lead to misleading evaluations if only its outputs are considered. 
3.2. Analysis process via simulation 
As mentioned, the indices and the norms described in the previous section are computed via simulations. To this 
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aim, consider the analysis process described in Fig. 1.  
In such a figure, the gray boxes indicates the Matlab scripts provided by the Matlab GSA Toolbox (Cannavò, 
2012), and the green boxes represent the ad-hoc Matlab and Python scripts realized for this work. With respect to 
the methodology described in the above Sec. 3.1, it is worth noting that the simulation outputs can be also used for 
basic statistical analysis by taking into account only the simulation samples obtained with the nominal O/D matrix. 
In this framework, the most important statistical analysis to perform is the estimation of the number ܴ of simulations 




Fig. 1. Analysis process. 
 
Fig. 2. The whole considered transportation network. 
4. Case Study 
In this section, the results of the application of the proposed methodology to a real case study are described. To 
do so, the portion of the urban transportation network of the small city of Chiavari (North-West of Italy) depicted in 
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Fig. 2 is considered. Note that, for the sake of conciseness, in the following analysis only the Mean Total Travel 
Time (MTTT) of the whole network is considered. In doing so, the MTTT is defined as the sample mean of the travel 
times experienced by all the vehicles that have crossed the network, expressed in seconds (TSS, 2012). 
4.1. The Chiavari Transportation Network 
Consider the two transportation supply alternatives depicted in Fig. 3, where the configuration on the right 
represents a modification aiming at improving the performances of the transportation system. In effect, a low LoS 
characterizes the present configuration (on the left of Fig. 3), and, in order to solve this problem, the Municipality of 
Chiavari is evaluating the alternative consisting of the introduction of a roundabout. 
 
  
Fig. 3. Details of the alternative configurations for the considered transportation network. A roundabout substitutes the signalized intersection in 
the present configuration. 
Table 1. Nominal Origin/Destination. 
Car 
  1 2 3 4 5 6 7 
1 0 41 311 276 0 68 5 
2 0 0 0 0 0 0 0 
3 0 29 0 313 0 84 8 
4 0 0 0 0 0 0 0 
5 0 424 175 155 0 88 3 
6 0 176 111 100 0 0 2 
7 0 27 3 20 0 44 0 
 
Motorbike 
  1 2 3 4 5 6 7 
1 0 17 128 113 0 28 2 
2 0 0 0 0 0 0 0 
3 0 2 0 22 0 6 1 
4 0 0 0 0 0 0 0 
5 0 113 47 41 0 24 1 
6 0 33 21 19 0 0 0 
7 0 12 1 9 0 20 0 
 
Truck 
  1 2 3 4 5 6 7 
1 0 0 3 3 0 1 0 
2 0 0 0 0 0 0 0 
3 0 1 0 7 0 2 0 
4 0 0 0 0 0 0 0 
5 0 3 1 1 0 1 0 
6 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 
 
Table 2. Nominal performances. 
Configuration ݌ ൌ  ฮܶܵܫ௣௜ ฮଵ ฮܶܵܫ௣௜ ฮଶ ฮܶܵܫ௣௜ ฮஶ 
Present configuration 164.99 (s) 9.98 2.26 0.85 
Alternative configuration 52.87 (s) 14.58 3.12 0.82 
 
As regards the nominal mobility demand, consider the O/D matrices of the morning rush hour for private 
transport (cars, motorcycles and trucks) reported in Tab. 1. Moreover, for what concerns the uncertainty of the O/D 
matrices, it is assumed that the mobility demand of cars can vary between the ͹ͲΨ and the ͳ͵ͲΨ of the nominal 
one. On the other hand, without losing generality, it is assumed that the motorbike and truck demands are perfectly 
known and constant. 
4.2. Numerical Results 
Before analysing the results, it is worth saying that the preliminary statistical analysis has provided the nominal 
MTTT times for both the configurations in Tab. 2 and has shown that, in this case, ܴ ൌ ͷ simulations are sufficient 
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for satisfying the inequality in Eq. (5). These values show a significant decrease of such an indicator in the 
considered alternative, thus indicating that the introduction of the roundabout will lead to a significant improvement 
of the LoS.  
As regards the reliability of the sensitivity indices mentioned in the end Sec. 2.1, the graphs in Fig. 4 show four 
examples of the estimations of total sensitivity indices, hereafter indicated as ܶܵܫ௣௜ ሺ݋ǡ ݀ǡ ݇ሻ, as functions of the 
number ݇  of samples considered for their estimations. In such figures, the graphs represent the estimations 
computed for the present configuration (the blue lines), and for the modified one (red line). Moreover, the dashed 
lines define the intervals ൣͲǤͻͷ ڄ ܶܵܫ௣௜ ሺ݋ǡ ݀ǡ ܭሻǢ ͳǤͲͷ ڄ ܶܵܫ௣௜ ሺ݋ǡ ݀ǡ ܭሻ൧  around the final values ܶܵܫ௣௜ ሺ݋ǡ ݀ǡ ܭሻ  of the 
indices. It is possible to note that 800 samples are sufficient for guaranteeing the stability of the computed indices. 
Hence the values of the last estimations, namely ܶܵܫ௣௜ ሺ݋ǡ ݀ǡ ܭሻ, ׊ሺ݋ǡ ݀ሻ, are representative of the real values of the 
total sensitivity indices.  
 
 
Fig. 4. Example of estimation of the Total Sensitivity indices for two pair versus the number of samples. 
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Table 3. Total Sensitivity indices of the present configuration. 
 Destination 
Origin 1 2 3 4 5 6 7 
1 0 0.361 0.3355 0.3935 0 0.3725 0.3769 
2 0 0 0 0 0 0 0 
3 0 0.3217 0 0.5119 0 0.4822 0.406 
4 0 0 0 0 0 0 0 
5 0 0.6064 0.6902 0.8525 0 0.7764 0 
6 0 0.3309 0.3626 0.3419 0 0 0.3408 
7 0 0.3875 0.3587 0.3463 0 0.3184 0.3074 
 
Looking at the norms reported in Tab. 2, it is possible to note the low LoS of the present configuration. 
Nevertheless, the sensitivity matrices in Tab. 3 and Tab. 4 show that the present configuration is less sensitive than 
the alternative configuration (as also shown in see Tab. 5, where the relative variations are reported). Such a result is 
reasonable, since the present configuration is characterized by a very high congestion level and any variation of the 
mobility demand cannot improve or worsen significantly the performances. In effect, in this case, the MTTT is 
particularly influenced by the samples corresponding to the vehicles entering in the origin node ݋ ൌ ͷ and that have 
to cross the highly congested area under evaluation. A variation of the demand generated in this node influences the 
performance index much more than the variations of the demands generated in the other ones. This explains the 
results in Tab. 3, where the sensitivity indices in the ͷ௧௛ row are around twice greater than the others. 
Table 4. Total Sensitivity indices of the alternative configuration. 
 Destination 
Origin 1 2 3 4 5 6 7 
1 0 0.7401 0.8284 0.6031 0 0.6508 0.6045 
2 0 0 0 0 0 0 0 
3 0 0.6182 0 0.6472 0 0.6303 0.7049 
4 0 0 0 0 0 0 0 
5 0 0.6912 0.5993 0.7909 0 0.5761 0 
6 0 0.6256 0.6848 0.724 0 0 0.641 
7 0 0.5908 0.6186 0.596 0 0.805 0.6084 
Table 5. Relative variation between the indices of the present configuration (Tab. 3) and of the alternative configuration (Tab. 4) (when defined). 
 Destination 
Origin 1 2 3 4 5 6 7 
1 - 105% 147% 53% - 75% 60% 
2 - - - - - - - 
3 - 92% - 26% - 31% 74% 
4 - - - - - - - 
5 - 14% -13% -7% - -26% - 
6 - 89% 89% 112% - - -13% 
7 - 52% 72% 72% - 153% 98% 
 
In the alternative configuration, the contributions to the MTTT of the vehicles entering the network in any origin 
are almost equal, as shown by the entries of the matrix in Tab. 4. Hence, all changes in mobility demands influence 
the MTTT almost in the same way and the relevant sensitivity indices are in the interval (0.65-0.8). 
In addition, looking at the entries in Tab. 5, it is interesting to note that the total sensitivity indices of the demands 
of the pairs with origin in ݋ ൌ ͷ decrease in the alternative configuration. In fact, the vehicles entering in this node 
are no more greatly slowed by the congestion at the intersections and their contribution to the total sensitivity 
indices is equalized with respect to the other. In such considerations, it is necessary to remember that the sensitivity 
indices only give information about the relative variation of the performance indices.  
To conclude, it is worth remarking that the analysis of the sensitivity indices proposed in this paper is not 
sufficient for taking decision about the best configuration. In effect, the first outputs to consider are still the expected 
nominal performances (Tab. 2) evaluated via traffic indicators like the MTTT, while the total sensitivity indices 
should be intended as support analysis tool for these performance indicators. Therefore, the results confirm that the 
second alternative is preferable, being much more performing, although less robust. Anyway, more complete results 
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on the case study have to be elaborated by considering also other performance indices, with particular attention to 
local indicators, such as traffic density, travel time, etc., on particular arcs. 
5. Conclusions 
In this paper, the GSA approach has been applied to the evaluation of the robustness of the performances of two 
alternative configurations of the transportation network of Chiavari (Italy). To this aim, a formal procedure for 
comparing different network alternatives has been introduced in order to evaluate the effect of the O/D matrix 
uncertainty. 
The results are interesting in practical cases, because the proposed robustness analysis can support the 
interpretation of the results of the simulations obtained in nominal conditions. Anyway, it is worth recalling that the 
proposed methodology provides useful information if and only if it is considered in a more general framework, such 
as in multi-criteria or Pareto-dominance analyses, whereas it can lead to misleading evaluations if only its outputs 
are used to take decisions, as also pointed out by the considered case study. 
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